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Introduction 40
Giardia duodenalis is a common intestinal parasite of mammals including humans. 41
Within the G. duodenalis species complex, there are currently eight described assemblages 42 (Monis et al., 1999; Gaydos et al., 2008; Lasek-Nesselquist et al., 2010) . The majority of these 43 assemblages are host-specific but two, Assemblage A and Assemblage B, are considered 44 zoonotic and are the only two assemblages commonly accepted as being infectious to humans 45 (Sprong et al., 2009) . 46
Within Assemblage A, an apparent host-specific sub-assemblage, AIII from wild 47 homologous, the reverse primer from the present study at the stop codon contained a 6 bp 180 deletion in the Assemblage B sequence. The fd (WB, AF393829; GS, ACGJ01002917, 37081-181 37518) and cpn60 genes (WB, AF029695; GS, ACGJ01002917, 37596-39236) had greater 182 Assemblage A/B divergence than any of the other genes examined in the present study at 0.22 183 and 0.24 substitutions per nucleotide, respectively. The original primers, those from 184 Teodorovic et al. (2007) at the start and stop codons on the fd gene and those from the 185 present study at the start and near-stop codons and the centre of the cpn60 gene, had on 186 average only approximately 70% homology to the Assemblage B GS genome sequence and 187 were unsuccessful. New primers were not designed for the present study because the 188 substitution rates of the genes were higher than preferred. A similar problem was 189 encountered for the 5' end section of the gdh gene. 190
The histone genes had multi-priming problems due to their repeating motifs. The h4 191 reverse primer was ineffective in sequencing reactions due to excessive stuttering. 192
Substitution statistics 193
In all genes, the majority of the substitutions were inter-assemblage substitutions 194 (between Assemblages A and B), usually followed by intra-Assemblage B substitutions 195 (except in the gdh 3' section and the h4 gene, which had similar amounts of intra-A and intra-196 B substitutions) and intra-Assemblage A substitutions (Supplementary Table S2 ). All of the 197 inter-assemblage substitution sites had been previously reported except for the new section 198 of the ef gene. 199
As previously reported, the majority of substitutions were in the tpi, bg and gdh genes, 200 followed by the ef gene and then the h4, h2b and ssrDNA genes (Supplementary Table S2) . 201
Many of the intra-Assemblage B substitutions were degenerate, where the variation 202 was represented by only a proportion of the alleles within an isolate ( Fig. 2 and  203 Supplementary Table S2 ). Allelic sequence heterozygosity (ASH) varied among the isolates 204 and loci. Calculated over the 5.5 kb coding region sequenced, isolate 7c3 had the highest ASH 205 at 0.5% (ranging from 1.2% in bg to 0% in ssrDNA) and 15c1 and 42c5 the lowest at 0.02% 206 (from 0.07% in ssrDNA to 0% in the other genes). Intermediate isolates were 39c10, 0.3% 207 (0.9% tpi -0% ssrDNA), 49c11, 0.3% (0.8% tpi -0% ssrDNA), 54c14, 0.2% (1.1% tpi -0% 208 ssrDNA), 33c2, 0.1% (0.3% gdh -0% h4), 34c8, 0.05% (0.2% gdh -0% h4) and 30c7, 0.05% 209 (0.1% ssrDNA -0% h4). ASH per gene (averaged across the isolates) was approximately 210
proportional to the substitution rates of the genes; tpi (0.4%, range 1.1%-0%) > bg (0.3%, 211
h4/ssrDNA (0.05%, 0.4%-0%, Supplementary Table S2) . 213
In the genes most commonly used, tpi, gdh and bg, there was a relatively even 214 proportion of known intra-Assemblage B substitution sites, new substitution sites and those 215 previously reported but not seen in this set. However, for the less studied genes (ssrDNA, ef, 216 h2b and h4), there was a much higher proportion of new intra-Assemblage B substitution sites 217 detected (Fig. 2 and Supplementary Table S2) . 218
The majority of substitutions were transition substitutions, with transversions usually 219 in a low proportion of the inter-assemblage substitutions. The two main exceptions were one 220 intra-Assemblage B transversion substitution in the h4 gene and predominantly all 221 transversions for the inter-assemblage substitutions of the ef gene ( Fig. 2 and Supplementary 222 Table S2 ). 223
Only the tpi, gdh, ef and h2b genes had non-synonymous substitutions ( Fig. 2 and  224 Supplementary Table S2 ). In all but one case in the tpi gene, these substitutions resulted in 225 amino acid changes that were within recognisable groups (for example polarity, size, etc), 226 with high BLOSUM scores (Henikoff and Henikoff, 1992 , data not shown), indicating high 227 probability of substitution. The absence of first and second codon position substitutions in the 228 bg gene increased its relative substitution rate. Whereas the intra-Assemblage B substitutions 229 per nucleotide for the tpi gene and bg gene were comparable at 0.039 and 0.029, respectively, 230 28% of the intra-Assemblage B substitutions at the tpi gene were spread over the first and 231 second codon positions, however all of the substitutions in the bg gene were concentrated in 232 the third codon position (Fig. 2 and Supplementary Table S2 ). The proportion of shared sites 233 was highest in the histone genes (Supplementary Table S2) . 234
Shared substitutions and phylogenetic analyses 235
Shared substitution sites are shown boxed in The majority of shared substitutions grouped the isolates into approximate northern 238
Western Australia and southern Western Australia groups. North -15c1 (Kununurra), 30c7 239 (Derby), 33c3 (Perth), 34c8 (Kununurra), 42c5 (Karratha) and South -7c3 (Katanning), 39c10 240 (Perth), 49c11 (Northam), 54c14 (Kununurra). There were two exceptions, isolate 33c3 241 (Perth) in the North group and isolate 54c14 (Kununurra) in the South group (Figs. 2 -4) . 242
The conserved genes h2b, h4 and ef grouped southern isolates 7c3/39c10 (non-243 synonymous), 7c3/49c11 (synonymous) and 39c10/49c11 (non-synonymous). The ssrDNA 244 gene grouped northern isolates 30c7/42c5 and 33c3/34c8 (Figs. 2 -4) . The variable genes, tpi 245 and bg, had shared substitutions among the southern isolates, 7c3/49c11, 39c10/49c11 (non-246 synonymous), 7c3/39c10, 7c3/39c10/49c11, 7c3/39c10/49c11/54c14 (synonymous) and 247 7c3/54c14, 7c3/49c11/54c14, 7c3/39c10/49c11/54c14 (synonymous), respectively (Figs. 2 248 -4). The only shared substitution site in the 3' end of gdh gene grouped 7c3-30c7-(34c8)-249 42c5 (Katanning, Derby, (Kununurra), Karratha) and 15c1-33c2-(34c8)-39c10 (Kununurra, 250 Perth, (Kununurra), Perth) (Fig. 2) . 251
The phylogenetic analyses (Figs. 4 and 5 contradictory phylogenetic signal resulting in no grouping (Fig. 4) . Combining the remaining 259 significant substitution data (h2b, h4, ef, tpi, bg) , isolates 7c3, 39c10 and 49c11 had the 260 highest substitution activity (total substitutions, unshared substitutions, shared substitutions, 261 non-synonymous substitutions and all of the shared non-synonymous substitutions), with the 262 exception of 54c14, which in the variable genes (bg, tpi) also had moderate numbers of shared 263 and individual substitutions and in the case of tpi non-synonymous substitutions (Figs. 2 and  264 
4). 265
Phylogenetic analyses using the concatenated merged sequences ( instead placing isolate 7c3 at the base followed by 39c10, 49c11 and 54c14 together (Fig. 5) . The 274 gdh gene was not included in the concatenated analyses due to missing isolate data and 275 negligible contribution to tree topology (data not shown). 276
The regular shared substitutions and the degenerate shared substitutions 277 predominantly grouped the same isolates (Fig. 2) . The inclusion of the degenerate shared 278 substitutions into the phylogenetic analyses led to an increase in phylogenetic resolution ( Fig.  279 4). The increase in resolution was inversely proportional to the substitution rate of the gene 280
where it was most prominent in the conserved genes (h2b, h4), evident in the tpi gene and 281 unnoticeable in the bg gene. 282 283
Discussion 284
The aim of the present study was to examine genes with low substitution rates to 285 assess their suitability for the identification of sub-assemblages within Assemblage B. The 286 rationale was that the genes with high substitution rates currently used for genotyping are 287 unable to consistently define the sub-Assemblage B groups because Assemblage B is 288 genetically diverse and high substitution rates obscure the true sub-assemblage patterns. 289
Genes with high substitution rates have a limited number of sites that can be changed 290 (usually due to functional constraints) and hence older substitutions become overwritten by 291 newer ones, obscuring any phylogenetic signal. This overwriting phenomenon can cause 292 homoplasy, i.e. two sequences can have the same base substitution due to independent events 293 rather than via common ancestry. Homoplasies in DNA sequencing data can obscure 294 phylogenetic relationships and contribute to noise in the data. This has been clearly 295 demonstrated in the tpi gene at the inter-assemblage level by comparison of the nucleotide 296 and amino acid sequences (Wielinga and Thompson, 2007) . 297
The hypothesis that analysis of low substitution rate genes should provide unobscured 298 substitution patterns that better define the sub-Assemblage B groups was based on previous 299 multiple sequence analysis where proposed sub-Assemblage B groups were found to be 300 inconsistent across loci and BIII and BIV were not validated (Wielinga and Thompson, 2007) . 301
This has since gained support from extensive multi-locus-genotyping (MLG) studies that 302 repeatedly conclude that congruent sub-typing across the loci for Assemblage B could not be 303 established (Caccio et al., 2008; Lebbad et al., 2008 Lebbad et al., , 2010 Geurden et al., 2009; Levecke et al., 304 2009; Sprong et al., 2009) . 305
Low substitution rate genes also have the advantage of making it easier to interpret 306 mixed intra-assemblage infections and reduce ASH (present findings), factors that have 307 previously prevented the concatenation of MLG data (Caccio et al., 2008; Lebbad et al., 2010) . 308
The disadvantage of analyses with low substitution rate genes is the loss of resolution among 309 similar groups, necessitating the use of MLGs with a range of genes of different substitution 310 rates to encompass the as yet undefined extent of divergence in Assemblage B. The conserved genes (ssrDNA, h2b, h4, ef) were not capable of properly defining the 319 geographical sub-groups in this set because in this sample set their total substitution numbers 320 were too low (Fig. 4) . Although the rate of substitution within a gene is constant, the number 321 of substitutions between isolates depends on the divergence of the isolates and in these 322 samples, with relatively recent divergence, there were few substitutions in these genes. Some 323 of the older relationships were demonstrated (Figs. 3 and 4 was demonstrated that the low substitution rates of the conserved genes could lead to low 330 resolution among related isolates, where they detected only the older divergence events and 331 not recent events. At the opposite end of the spectrum, the variable genes (tpi, bg) did 332 differentiate geographical sub-grouping, detecting the apparently recent collective divergence 333 of the northern group (Fig. 4) . The most variable gene however, bg, did not distinguish the 334 more divergent isolates (7c3, 39c10, 49c11) as such, contradicting the results from the other 335 genes (Fig. 4) where the analyses at conserved genes and first and second codon sites (Fig. 2) , 336 suggested they were more divergent than 54c14. This apparent loss of resolution in a variable 337 gene for older divergence events represents the opposite end of the spectrum of a gene's 338 application where variable genes may progress toward misrepresentation of older events 339 because high substitution rates increase the likelihood of homoplastic substitutions. Hence 340 the high substitution rates of the variable genes can also lead to reduced resolution in 341 divergent isolates, where they detect recent divergence events more reliably than older 342 events. This presents another example of the benefit of MLG analyses where using multiplegenes of different substitution rates can ensure an accurate phylogenetic assessment of the 344 whole sample population, both the recent and the older divergence events. 345
Hence it can be concluded that mixed-substitution-rate MLG will also be required for 346 accurate phylogenetic analysis of the whole of Assemblage B and it can also be extrapolated 347 that the conserved genes will have increasing substitution rates, resolution and application 348 with the increasing divergence of the population examined while the variable genes could lose 349 resolution for older events. 350
The present study confirmed the high rate of ASH in Assemblage B as reported by 351
Franzen et al. (2009) (Fig. 2) . The degenerate substitution rate was higher in variable genes 352 (0.4%) and lower in conserved genes (0.05%) and varied among the isolates (0.5-0.02%) over 353 the 5.5 kb of coding genes examined. The patterns of degenerate substitutions concurred with 354 the patterns of regular substitutions, where similar isolates were grouped together and 355 similar isolates showed divergence (Fig. 2) . 356
Since the trend of the degenerate shared substitutions matched that of the regular 357 shared substitutions, the increase in resolution in tree topology (Fig. 4) was inversely  358 proportional to the substitution rate of the gene. This was because the existing resolution 359 could only be increased where it was not already at maximum, as is more likely the case for 360 high substitution rate genes. Hence in the most variable gene, bg, the degenerate shared 361 substitutions provided no new phylogenetic information that was not already presented in 362 the regular shared substitutions, leading to no change in the tree grouping-topology (Fig. 4) . 363
In contrast, in the conserved genes (h2b, h4, ef), where the total substitution rate was low, the 364 degenerate substitution patterns contributed significantly to the total information (Fig. 4) .Therefore, although the degenerate substitutions created an extra level of complexity 366 in the analyses, they were found to match the regular substitutions (in rate and pattern) and 367 not to disrupt the evolutionary signals. This aspect may be useful in future analyses for 368 deciphering ASH from mixed intra-assemblage infections where a mixed sample may be 369 conspicuous by its mixture of two divergent 'parent' signals. This would be similar to the way 370 in which mixed inter-assemblage infections are currently suspected, however for intra-371 assemblage mixtures there would be limitations where mixtures of closely related isolates 372 may appear the same as ASH and this would need to be considered. Further analyses into the 373 specific allelic variants, the distribution of the substitutions at the different alleles, could 374 provide valuable insights into the mechanisms of allele evolution and modes of recombination 375
in Giardia. 376
The present study did not detect inter-assemblage recombination as previously 377 reported in Assemblage B isolates where Assemblage A sequences were retrieved from 378 Assemblage B isolates (Teodorovic et al., 2007; Lasek-Nesselquist et al., 2009) . Although the 379 present study did not clone PCR products it is believed that the minimum allelic sequence 380 variation for a single copy gene of one in four was detected. Hence, for genes with a higher 381 copy number, marginal allelic variation may have gone undetected. The present study also did 382 not use assemblage-specific primers which, for the variable genes, could have affected the 383 detection of minority alleles due to primer specificity bias. It is notable, however, that the only 384 two coding genes for which Assemblage A sequences were obtained from Assemblage B 385 isolates in the study by Teodorovic et al. (2007) , the fd and cpn60 genes, were also included in 386 this study and in both instances failed to amplify Assemblage B haplotypes. In both of these 387 studies the primers had originally been designed prior to the GS genome sequence availability 388 and can now be shown to be only 70% homologous to the Assemblage B GS genome sequence.
In the present study the primers failed to amplify any products from any of the Assemblage B 390 isolates, indicating they were not suitable for analysis of Assemblage B isolates. The lack of 391 Assemblage A sequences detected from Assemblage B isolates is in agreement with the 392 genome sequencing results from Franzen et al. (2009) . Some sequence degeneracy of 393 Assemblage B isolates matching Assemblage A substitutions was found in isolates 7c3 and 394 54c14 in the tpi and bg genes (Fig. 2) , but this could also be attributed to homoplasy due to 395 variation at sites with high substitution rates. 396
All of the genes analysed have potential application for phylogenetic analyses on 397 different sample sets with different amounts of divergence. The present study has 398 demonstrated that a gene's resolution was dependent on its rate of substitution which, among 399 isolates, is dependant on their divergence. It was shown that the conserved genes only 400 detected older divergence events while the variable genes reliably detected recent events, 401 therefore necessitating the use of mixed-substitution-rate MLG. 402
For the current study, among the conserved genes the ssrDNA was of no value on the 403 genetically narrow sample set. No regular intra-Assemblage B substitutions were detected, 404 only degenerate variation in the 5' and 3' ends. Therefore it does not suit routine use at this 405 stage, but may be useful in the future if targetable sub-assemblage variation is found. 406
Alternatively sub-assemblage variation has been found in the adjacent internal transcribed 407 spacer (ITS) regions (Caccio et al., 2010) and may provide a sensitive tool for intra-408 assemblage analyses. The small histone genes did show intra-Assemblage B variation (regular 409 substitution sites, non-synonymous sites and transversion sites) and could therefore prove 410 useful in analyses of the older intra-Assemblage B groups where their resolution is expected 411 to increase. Although there were some technical PCR difficulties that should be resolved with 412 new or nested primers, they are still desirable targets because they are very small genes (300-413 400 bp). The ef gene also showed intra-Assemblage B variation, including regular and non-414 synonymous sites and although it was much larger (1.3 kb) it amplified readily. Some of the 415 conserved genes are known to have multiple copies, which may increase PCR sensitivity, as is 416 the case with the ssrDNA, but may also increase ASH. In the Assemblage A isolates there were 417 no degenerate substitutions in the multi-copy ssrDNA or double-copy h2b gene, but there 418 were degenerate substitutions in the double-copy and triple-copy ef and h4 genes (Fig. 2) . In 419 the Assemblage B isolates, the multi-copy ssrDNA and double-copy h4 genes contained no 420 more degenerate substitutions than the other genes examined which were of similar size and 421 substitution rate. Hence it does not appear that degeneracy is directly proportional to copy 422 number, but rather directly proportional to substitution rate and therefore the effect of copy 423 number may be considerable in high substitution rate genes. 424
The remaining variable genes, although well established for assemblage-level 425 genotyping (Monis et al., 1999; Wielinga and Thompson, 2007) , do not often demonstrate 426 congruent phylogenetic analyses. Notably the tpi and bg genes have a predisposition to 427 homoplastic substitution patterns in divergent samples sets (Wielinga and Thompson, 2007) , 428
and their subgroups rarely concur with each other (Caccio et al., 2008; Geurden et al., 2009; 429 Abe et al., 2010) or the gdh gene (Gelanew et al., 2007; Lalle et al., 2009; Levecke et al., 2009). 430 However in the present study examining a genetically narrow sample set, the bg and tpi genes 431 best represented the consensus phylogeny (Figs. 4 and 5) and it is expected their resolution 432 will still be relevant for resolving the phylogeny of similar closely related sub-assemblage 433 groups within Assemblage B. Indeed the main finding of the present study was to 434 demonstrate that different genes of different substitution rates are all required to establish 435 the different levels of relationships, old and new, with confidence because no single gene 436 could encompass such a range in resolution. The bg and tpi genes are also small and easy toamplify with a significant sequence database, and are therefore convenient and practical for alleles (present in all copies of the gene). 'Divergent' refers to analyses incorporating shared 594 substitutions present at some alleles (present in some copies of the gene). tpi, triose 595 phosphate isomerase; bg, beta giardin; ef, elongation factor; ssrDNA; H4, histone 4, h2b, 596 histone 2b.
Research Highlights 598
• The substitution rate of a gene determines its ability to resolve different relationships formed 599 at different times. 600
• Mixed-substitution-rate multi-locus-genotyping ensures accurate phylogenetic inference in 601 divergent populations. 602
• Allelic sequence heterozygosity substitution patterns follow the same trend as regular 603 substitution patterns (those at all alleles Intra Intra 
